




Table 4. Data Rates. Uplink Rates and Data Storage Requirements for the ELM Spacecraft 

Data Storage Reqt Based on Longest 

Design Data Storage including 20% 
Margin (Mbits) 

8. COMMUNICATIONS 

lnstruments 

Imager 
M~crose~smometer 
Raman Spectrometer 

The ELM communications architecture 
would be designed to allow the lander to 
transmit all of its science and engineering 
data to JIMO for any landing latitude 
between 245" (Fig. 8) and in any landing 
orientation (right-side up, upside-down, 
and in-between). The lander would utilize 
a pair of omni-directional antennas (one on 
each surface), to communicate with JIMO, 
and an SSR to buffer all data when JIMO 
is out of sight of the lander. 
Due to the orbital and geometric 
parameters of the mission, ELM-JIM0 
communication events would occur in 
groups (called cycles) of 5 to 14 
(dependent upon landing latitude) and Figure 8. Communications Event Between ELM (at 45" 
would take place over a relatively short latitude) and JIM0 
duration (hours) as illustrated in Figure 9. 
These cycles would repeat with a period that is determined by the landing latitude, and range 
from 0.5 to 1 Europa day. The communications architecture would be designed such that all data 
generated between successive cycles would be uplinked to JIMO prior to the next interval. 
The frequency and duration of communications events would be highly dependent upon the 
ELM landing latitude. As the latitude is decreased (towards 0°), the total number of JIMO over- 
flights of the landing vicinity would decrease, as illustrated in Figure 9. Quantitatively, there 
would be 10 possible ELM-JIM0 communication opportunities per Europan day at 0' landing 
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latitude, whereas there be l4 possible Table 5. Frequency and Duration of Comm. Events 
o ~ ~ o r h n i t ~ e s  at 450 latitude, assuming a Versus Landing Latitude for the ELM Mission ? 
minimum 5' line-of-sight (LOS) angle is 
required to close the link (Table 5 and 

S 
Q 

Figure 9). Additionally, as the landing 0 
A 

latitude is decreased, the average duration of 5' 
the communications window would also 4, h 
decrease. The result is that the total amount 
of communications time during the surface 
mission would be lowest at the equator (710 

$ 
minutes), and highest at 45' (1050 minutes). 
As the rate of data generation would be 
independent of latitude, the 0' latitude case 
represents the most stressing case from a 
data uplink perspective, and drives the minimum bandwidth requirement for the lander. 
Conversely, as the landing latitude was increased (to a maximum of 45'), the duration between 
successive communications cycles $called the eclipse period) would increase significantly (Fig. 
9). Analyses show that a lander at 0 latitude would experience -43 hours of eclipse, whereas 84 
hours would be observed at 45' latitude. The 45' latitude case is the most stressing in terms of 
the volume of generated data, and thus would drive the solid-state recorder memory 
requirement. 

+----- Europa Day 111 - I t------. Europa Day #2 - 
1 

Time (Earth Days) 

Figure 9. Elevation Line of Site (LOS) Angle between ELM and JIM0 as 
a Function of Latitude and Time 



Comm. Subsystem (JIM0 Link) 
Transceiver (33% Efficient) 1 1 6.00 1 6.00 1 1.00 1 6.00 0.68 

9. THERMAL 
A significant amount of thermal power would be required to maintain operational and survival 
temperatures during cruise and on the surface of Europa where the nighttime temperatures can 
drop to 85 K. The source of this thermal power would be the GPHS RPS that produces 225 Wt 
at EOL, and has a thermoelectric cold-shoe temperature of 155°C. Thermal control would be 
accomplished via a combination of conduction straps and thermal switches designed to keep 
critical electronics, batteries and subsystems warm. Heat rejection from the spacecraft would be 
performed via variable-emissivity radiators [8-101 whose emissivity could be actively varied 
between -0.3 and 0.7 to maintain the desired temperature profile. The radiators would be 
mounted on both surfaces of the lander to ensure functionality regardless of landing orientation 
(Fig. 2). Heat rejection to the Europan surface would be made via conduction between the 
surface and lander structure, and thermal switches would manage the heat flow. 

10. POWER 
The proposed ELM would use a combination of RPS and secondary (rechargeable) batteries to 
supply power to the spacecraft during the mission. The power requirements, duty cycle, and 
operating duration of each system is presented in Table 6. To manage the spacecraft power draw, 
five distinct operating modes would be defined that correspond to specific sets of activities. The 
baseline modes would be Standby, Basic Measurement, Raman Operation, LlBS Operation and 
Communications. Each mode would have its own average and peak power draw and operating 
duration (Table 7 and Fig. 10). 

The spacecraft power system would be sized to meet the demands of all modes, and would be 
driven by peak power requirements of the Communications mode (1 7.8 We), Raman Measure- 
ment mode (17.3 We) and LIBS Measurement mode (17.3 We). Because peak power utilization 
occurs infrequently, the total energy usage would be very modest and is estimated at -3000 W- 
hr for the surface mission (Table 7). This corresponds to an average power level of 4.2 We that 
would be adequately supplied by a single-module GPHS RPS with 10.1 We (EOL) output. 

Table 6. Proposed ELM System Power Levels, Duty Cycles and Operating Durations 

Data Storage 
Data Storage (SSR) 1 1 3.00 1 3.00 1 0.30 1 0.90 1 85.20 

System Power 
Draw All 
Units ON) 
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85.20 2.60 2.60 System Flight computer 0.30 1 
1 .OO Peripheral Subsystem Interface 1.00 1 

Power Distribution 
0.30 0.30 85.20 

85.20 
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3.00 
2.20 

3.00 
2.20 

DClDC Converter Card 
Power Distribut~on Slice 

0.30 ] 0.90 
0.30 ] 0.66 
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To handle the peak power demands, a small lithium-ion battery with a minimum 2.7 W-hr 
capacity would be used. The battery would discharge only during the transient periods where (D 

total load exceeds the RPS output; otherwise, the battery would be continually recharged by the 2 
RPS. The total energy margin using a single GPHS RPS would be 140%, which allows for Q 
uncertainty and limited future enhancements. $? 

4, 
W 
4% 

Table 7. ELM Operating Modes and Total Energy Requirement 
ii! 

GPHS Power Output (W) otal GPHS Energy Margin (%) 

Standby Mode Basic Raman Mode LlBS Mode Communication 
Measurement Mode Mode 

Operating Mode 
Figure 10. ELM Power Requirements (Peak and Average) for Each Operating Mode 



I I. MASS 
The total mass of the ELM spacecraft would be -230 kg, and includes the lander, dual 
propulsion stages, landing system (airbags, etc.), JIMO attachment system, and JIMO- mounted 
communications equipment (Table 8). The mass of the lander is estimated at -40 kg, 
constituting 17% of the total spacecraft weight. The RPS power system is assumed to weigh 10 
kg, and is extrapolated from conceptual RPS designs [7] upgraded to handle the expected 
landing loads. The total instrument mass allocation is 9.3 kg, and the heaviest instruments are 
the imagers, Raman spectroscope and LIBS. 

Table 8. Mass Breakout of the ELM Spacecraft Systems and Subsystems* 

Peripheral Subsystem Interface (PSI) 1 1 1 0.10 ] 0.02 1 0.12 
Bus ] 1 [ 1.00 1 0.15 1 1.15 

Item 

Lander Payload 

Command Data and Handling 

System Fllght Computer 

9 

Power Distribution 

Power Dislributton Slice 

DClDC Converter Card 

Packaging 1 1 1 0.63 1 0.03 1 0.66 

1 

Power Generation and Storage 

1 

1 

1 10.77 

0 50 

GPHS RPS I 1 1 5.00 1 5.00 1 10.00 

Pyro and Valve Control 

Imagers 1 16 1 0.20 1 0.04 1 3.84 

Raman Spectrometer 1 1 ] 2.00 1 0.40 1 2.40 

0.49 

1.00 

1 0.87 

Prop Drive I 1 1 0.49 1 0.05 1 0.54 

0.08 

Battery Charge Control I 1 1 0.30 1 0.03 1 0.33 

Science Instruments 

38.3 
I .84 

0.58 

0 05 

0.10 

1 9.30 

LIES 

Rad~aton Sensor 

Temp sensors 

S-Band Antenna 1 6 1 0.25 1 0.03 [ 1.65 

I .M 

0.54 

1.10 

Telecom Subsystem 

1 

4 

16 

1 1 3.30 

Accelerometers 

Thermal 1.26 

Heater Elements 0.02 0.00 

Insulation 1.00 0.05 1.05 

Mechanical Systems 10.00 

Transceiver I 1 ] 0.30 1 0.03 1 0.33 

Packaging 

Coax Cables lo anlennas 

G & C Sensors 

Structure I 1 1 3.60 1 0.36 1 3.96 

Covers 1 6 1 0.10 1 0.01 [ 0.66 

2.00 

0.10 

0 01 

1 

6 

Upper Desent Stage 

Support and Separabon Mechan~sm 

Support shcture 

ARC Sol~d KS4OB Thrusters (sp~n-up) 

0.40 

0.02 

0.00 

- - 

Misc (fasteners) 

Cabling 

Rad~aton Sheldino 

ARC Solid PAC-3 Thrusters (spindown) 1 2 1 0.16 1 0.01 1 0.34 

Hydrazne trim system I 1 I 1.80 0.09 I 1.69 

2.40 

0.48 

0.17 

0.30 

0.15 

Star 5 rocket motar 1 1 1 4.50 1 0.23 

Lower Desent Stage 1 1 

1 

1 

1 

Support and Separation Mechanism 3 1.00 0.05 

Support Sbucture I 5.70 0.57 
Star 17 Mntnr .1 84 10 4 2 1  

0.03 

0.02 

NSI -Gas Generatar 3 1.00 0.05 

krbags 3 16.06 3.21 

JIMO-Based Comm.syatem 

0.33 

0.99 

0.21 

0.72 

0.60 

2.00 

Antenna I 1 1 3.00 1 1.00 

G~mbal I 1 11 .00  10 .50  

Net Spacecraft (EPF)' I 1 

0.03 

0.03 

2.00 

Lander Mass (Total) 

Propulsion Mass (Total) 

Thermal Mass (Total) 

Mechanical Systems Mass (Total] 

Landing System Mass (Total) 

JIMO-Based Comm. System 

0.75 

0.63 

4.00 

The tolal spacecraff mass includes an effeclmve 30% margin. This is because the 

mess estimates of the rocket motors and airbags used herein are for the previous 
heavier models of these two systems, whereas the new 11ghter models (using composite 

casmngs, efc.) would be used m an actual tight system P I]. The resultant mass savlngs 

could then be realiocated lo  Increase !he mass margins 01 the remaining subsystems. 



The dual propulsion stages (upper descent and lower descent) make up the bulk of the spacecraft 
mass at 11 1.4 kg, or 48%. The Star 17 solid rocket motor within the lower descent stage has the ? 
single greatest component mass at 88.3 kg due to the large delta V (1458 mls) required at 
periapse (Section 3). The landing system, comprised of airbags and gas generators, has a total 

3 
D 

mass of 61 kg (26% of SIC total). The three air bags dominate the landing system mass, 2 
cumulatively weighing 57.8 kg. ?? 
The JIM0 attachment system would include the struts and structure used to mount the ELM $2 
spacecraft to the JIMO mothership during the cruise phase. The mass of this system is estimated 
at approximately 14 kg. A supplemental JIMO-mounted communications system would be used 
to allow JIMO to exchange commands and data with the lander during descent orbital insertion 

s 
(DOI) and during the surface science mission. This communications system would include a 
gimbaled parabolic antenna, transceiver electronics, mounting brackets, and all necessary power 
and data interfaces to the JIMO spacecraft. The mass of this communications system is 
estimated at 5.5 kg. 

12. RADIATION 
The ELM spacecraft would be required 
to operate in a range of extreme 
radiation environments that include 
externally produced (natural) and 
internally produced gammas, neutrons, 
and other high-energy particles (alphas, 
betas, etc.). Key sources of natural 
radiation include the Van Allen radiation 
belts traversed during the Earth spiral- 
out phase, cosmic radiation received 
during the multi-year cruise phase, 
radiation that would be generated by the 
JIMO reactor, and the intense radiation 
environment around Jupiter's inner 
moons. Internal radiation would be 
generated from the decay of the 
plutonium fuel within the GPHS module 
and from resulting secondary fission 
reactions that occur due to fuel 
impurities. The lifetime dose of the ELM 
spacecraft from natural radiation would 
be -6 MRad, and assumes 100 mils of 
aluminum shielding [12]. The majority 
of this radiation would be received in 
proximity to Jupiter's moons, 
particularly during Europa spiral-in, 
where Jupiter's radiation field is very 
strong (Fig. 11). Once landed on Europa, 
ELM would benefit from the shielding 
properties of this moon and would 
receive a marginal -400 kRad during the 
surface mission. To mitigate the effects 
of natural radiation, potential strategies 
include housing ELM in a JIMO- 
mounted radiation shelter (thus reducing 
shielding around critical components, and 
tolerate doses up to 1 MRad. The use of a I 

1.Et0.8 

1.Ei0.7 

1.Et0.6 
e. 
B 1.E10.5 
2 

1.Et0.4 

1.E10.3 

1,E*0.2 
10 100 1WO 

Aluminum Thickness, (mils) 

Figure 11. Natural Raaiation Dose (4-Pi) Received by the 
JIM0 Spacecraft Vers~s Shield ng Tn cnness [I21 
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Figure 12. Lifetime (13-year) Radiation Dose 
Generated by a GPHS Module Versus Distance [I31 
the received natural dose), using localized spot 
employing radiation hardened electronics that can 

:adiation shelter and spot shielding could potentially 



reduce the ELM lifetime external dose to <1 MRad, making the mission potentially feasible 
with radiation-hardened parts. ELM would capitalize on the JIMO radiation technology 
currently being studied, and would utilize similar mitigation schemes as appropriate. 
The magnitude of the internally generated GPHS radiation dose would be significantly lower 
than that received from natural sources (by more than an order of magnitude), and would be 
highly dependent upon the distance between the GPHS and the "target" component [13]. The 
intensity of the dose falls off quickly with distance from the GPHS module due to geometric 
attenuation (Fig. 12) and structural attenuation through the spacecraft. With judicious placement 
of sensitive subsystems and components, the total lifetime internal dose could be reduced to 
< 1 00 kRad 

13. ALTERNATE RPS POWER SYSTEMS 
The baseline ELM design would be powered by a single GPHS-based RPS with PbTe-TAGS 
thermoelectric conversion, which is assumed capable of generating 10.1 We at EOL. A small 
supplemental battery would be used to meet peak power demands (maximum of 17.8 We) 
during LIBS, Raman spectrometry and communication events. In addition to this baseline 
design, three alternate RPS concepts were considered that could generate enough power to 
eliminate the need for a battery. 
The first concept would use two GPHS-based RPSs with PbTe-TAGS thermoelectrics, and 
would generate 20.2 We at BOL. This RPS configuration would meet all ELM power 
requirements without the need for a supplementary battery; however, this larger RPS system 
would require a redesigned spacecraft that is larger in both size and mass. Additionally, the 
ability to reject the increased amount of waste heat could pose a significant challenge to the 
ELM thermal control system. 
The second concept would use a single GPHS-based RPS with higher-efficiency (9%) 
thermoelectric converters (e.g., segmented PbTe-TAGSIBiTe). This RPS configuration could 
generate -18 We (EOL) which would be sufficient to meet all power requirements without a 
battery. Studies have been performed by the DOE [I41 that suggest this RPS configuration may 
be attainable in the near future. 
The third concept uses a fractional GPHS-based RPS with a conceptual high-efficiency Stirling 
convertor (20%). This RPS could produce 18 We (EOL) using just two GPHS fuel capsules. 
However, the Stirling convertor would need to be sufficiently vibration-free to prevent 
interference with microseismometer measurements, and the fractional GPHS (with a redesigned 
aeroshell) would need to be developed. 

14. ADDITIONAL RPS-ENABLED LANDER MISSIONS 
The design of the ELM spacecraft and its small-RPS power source is somewhat generic and 
could potentially be utilized for missions to other planetary bodies with minimal modification. 
Examples include missions to the outer Galilean satellites Callisto and Ganymede, using either 
the JIMO spacecraft as transport and communications relay to Earth, or a dedicated orbiting 
satellite that would perform an analogous function. One preliminary version of the JIMO 
mission could include a nominal 60 day science orbit around Callisto and a 120 day science 
orbit around Ganymede [4]. A variant of the ELM spacecraft, with its long-lived small-RPS 
power source, would be sufficiently capable of performing the analogous surface science 
mission on either of these moons, both of which are of high scientific interest. 
Other lander-class missions potentially enabled by small-RPS technology include landers for 
outer solar system planetary bodies, including moons, Pluto, asteroids and comets. These mis- 
sions could have different science payloads using similar power requirements as the ELM mis- 
sion. Lunar human-precursor missions could also be enabled by a small-RPS, with its ability to 
operate continuously, independent of solar insolation, at the lunar poles and in craters that are 
permanently shadowed. Mars network landers, Scout-class rough landers, and Mars human 
precursor landers are additional missions that could potentially benefit from small-RPS 
technology. 



15. SUMMARY AND CONCLUSIONS 
Europa is a high-priority target for future space exploration, as it may possess a subsurface ? 
liquid ocean that could sustain life. The ELM mission is designed to land on Europa and take in- s 
situ measurements for a nominal period of 30 Earth days, in order to meet the science objectives 0 

defined by the JIM0 Science Definition Team [2]. Due to Europa's vast distance from the Sun, 2 
long cruise phase and surface mission duration, small-RPS would provide unique capabilities ?' c3 
not possible with conventional power sources. .bA 

The small-RPS used in the ELM concept is a conceptual design based on a single GPHS module 
using thermoelectric conversion with 5% system efficiency to produce 10.1 We at end of life. s 
This RPS configuration would provide a 140% energy margin, and employ a small Li-Ion 
battery to carry the peak loads during high-power operations, i.e., communications events, 
Raman spectrometry and LIBS. The small-RPS would need to be designed to withstand the 600- 
g acceleration load incurred by the spacecraft during landing. 
In conclusion, ELM is a high-value science mission that could potentially be enabled by small- 
RPS technology. 
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